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ABSTRACT Vegetation plays a dominant role in and serves as the structural foundation of island-land
ecosystems. Island cities, as sea-land ecological complexes, are able to somewhat reflect the general realities
of island ecological environments. By using the Landsat series remote-sensing images and an ecosystem
service value (ESV) evaluation system, in this paper, the temporal and spatial evolution characteristics of the
NDVIs and ESVs of China’s 12 island counties over the past three decades are analyzed. According to the
research results, (1) The average NDVI of China’s island counties dropped from 0.380 to 0.347 in 1990-2018,
reflecting a continuous downtrend. The NDVIs of Changhai County and Changdao County show significant
changes, with decreases of 45.24% and 37.57%, respectively. (2) The total ESV of China’s island counties
showed a ‘‘V’’-shaped change trend from 1990-2018; the minimum value reached USD 362 million in 2010,
then essentially recovered to the 2000 level in 2018. (3) The high and low values of NDVI and ESV in island
counties over the years were distributed with the spatial characteristics of high values in the center of the
islands and low values at the edges of the islands. The island counties north of the Yangtze River showed the
largest changes in NDVI and ESV. (4) Forest cover is the main factor that drives ESV reduction in China’s
island counties, followed by grassland cover. This study provides an effective method to study the changes
in the NDVI and ESV of island cities and proposes the strengthening of island vegetation protection and the
promotion of sustainable development in the ecological environments and economies of island cities.

INDEX TERMS Spatiotemporal evolution characteristics, ecosystem service values, NDVI, island cities.

I. INTRODUCTION
Vegetation is a critical ecological factor affecting ecosystems,
and vegetation cover and changes in vegetation cover are
important indicators that reflect ecosystem changes [1], [2].
The normalized difference vegetation index (NDVI), the opti-
mum indicator of vegetation growth and cover and an effec-
tive index for monitoring regional and global vegetation and
ecological environments [3], [4], has been widely used in
the study of vegetation dynamics [5], vegetation dynamic
analysis [6], [7], land cover change detection [8], ecosystem
assessment [9], etc. Vegetation is an important factor affect-
ing ecosystem services, as it penetrates the whole process
of the cycle of matter, the flow of energy and information
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transmission in the ecosystem by connecting the soil-plant-
atmosphere elements [10], [11]. The economic value of
ecosystem services is subject to the interactions between
ecosystem supply and social demand [12], [13], which is
usually quantified by the direct benefit transfer method
[12], [14], [15]. At present, NDVI has been effectively
applied in assessments of the ecosystem service values
[16], [17] of forests, grasslands, wetlands, and so on; how-
ever, there are very few studies on island areas.

An island represents the convergence of terrestrial and
marine ecology, and vegetation is the main body and struc-
tural basis of island-mainland ecosystems [18]. An island is
an independent and complete eco-environment region [18].
The island ecosystem is characterized by special location,
spatial isolation, bedrock exposure, low vegetation cover, and
high ecological vulnerability [19], [20]. The special habitat,
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vegetation composition and vegetation ecosystem of an island
are all vulnerable to a variety of disturbances [21], [22].
Once damaged, it is difficult for an island ecosystem to
achieve self-rehabilitation. The restoration and governance
of island ecosystems will be increasingly difficult and has
become an important component of the control of island
ecological spaces [23]. In an island ecosystem, the species
and quantity of wild animals are limited, and vegetation plays
a dominant role [24], [25] because of this, island vegetation
restoration has become a key link in protecting and improving
island ecosystems. It is of great importance to strengthen the
research on NDVI and ecosystem service values associated
with island areas.

An island city is an integrated region established accord-
ing to the requirements of administrative units. An island
city consists of island groups, island chains or indepen-
dent islands along a coastline; inhabited islands compose
the main body, with adjacent scattered uninhabited islands
[26], [27]. As important links between land and sea, island
cities are a key connection in land-and-sea-integrated plan-
ning. An island city, which is a special natural complex that
covers a small area, is isolated and self-contained [28]. The
development of island cities is interwoven with economic
vulnerability, environmental vulnerability, and social vulner-
ability [29], which, to a certain extent, is typical and represen-
tative of the overall situation of the ecological environment
and the economic and social development of islands. Scholars
have carried out relevant studies on the ecosystems of island
cities. Wu et al. [26] conducted research on the ecological
security of island cities. Ceres et al. [30] studied disaster
prevention in island cities. Lapointe et al. [31] studied the
ecosystem services of island countries from the perspective
of urbanization. However, there are very few studies on the
ecosystem service values of island cities from the perspective
of NDVI change.

In this study, 12 island counties (cities, districts) in China
were selected as the research objects. Landsat series remote
sensing data are used for the first time in analyses of the
vegetation of island counties in China, and the annual average
NDVI and its variation trend are calculated for island counties
in China from 1990 to 2018 on temporal and spatial scales.
In addition, the ESV sensitivity coefficient was introduced
to test the ESV calculation results, making the calculation
results more scientific. The research enriches themethods and
theories of ecosystem service value evaluation in island areas,
and the research results can provide a scientific reference
for government departments to carry out island ecological
protection and ecological management, aiming to promote
the sustainable use of island city resources and the sustainable
management of ecosystems.

II. MATERIALS AND METHODS
A. STUDY AREA
China is a major maritime country with more than 11,000
islands [32], of which over 400 are inhabited. China has
12 island counties that are distributed in the Yellow Sea,

FIGURE 1. Locations of the study areas.

the East China Sea and the South China Sea (Fig. 1). From
north to south, these 12 island counties are Changhai County,
Changdao County, Chongming District, Shengsi County,
Daishan County, Dinghai District, Putuo District, Yuhuan
city, Dongtou District, Pingtan County, Dongshan County
and Nan’ao County [33], [34]. These island counties consist
of 1,738 islands of various sizes, accounting for 26.7% of the
nation’s total number of islands. Of the 1,738 islands in the
island counties listed above, 176 are inhabited, accounting for
42% of the national inhabited islands. These island counties
cover a total land area of 4200 square kilometers and have a
total combined population of 3.41 million with a population
density of 812 people/km2.

Among them, Chongming District covers the largest area,
1,413 square kilometers, while Changdao County has the
smallest area at 56.35 square kilometers; Pingtan County has
the highest population density, while Changhai County has
the lowest population density; Yuhuan city has the highest
GDP, reaching RMB 5.81E + 10, while Nan’ao County has
the lowest GDP of RMB 1.92E + 9. The climate types,
from north to south, are: warm subhumid monsoon climate,
warm continental monsoon climate, subtropical monsoon cli-
mate, subtropical marine monsoon climate, subtropical mon-
soon climate and south subtropical monsoon climate. The
resources and environmental conditions of each island county
vary (Table 1).

B. DATA SOURCE AND PROCESSING
In this study, Landsat series remote sensing images are
used and are obtained from the United States Geological
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TABLE 1. Description of the areas, populations and natural environments of China’s island counties.

Survey (USGS) with a spatial resolution of 30 m and a tem-
poral resolution of 16 days. Among them, Landsat 4-5 TM
satellite digital remote sensing images are used for 1990,
2000 and 2010, while Landsat 8 OLI_TIRS satellite digital
remote sensing images are used for 2018. ENVI5.3 soft-
ware is used for the processing of remote sensing images
with cloud cover values lower than 3 per year; the process-
ing includes radiometric calibration, atmospheric correction,
geometric correction, image clipping, and NDVI calculation.
Then, the ArcGIS 10.2 spatial analysis tool is used to deter-
mine pixel superposition statistics of NDVI images, in each
period of the year, to obtain the annual composite values of
NDVI. A total of 216 remote sensing images of 12 island
counties were used. In addition, relevant population, econ-
omy and land cover data were obtained from the Statistical
Bulletin on National Economic and Social Development and
from the official statistical yearbook of the city, which has
jurisdictions over specific island counties.

C. METHODOLOGY
1) NDVI CALCULATION
The normalized difference vegetation index (NDVI) is a com-
mon index that measures regional vegetation cover. The value
of NDVI is in the range of [−1, 1], and NDVI is positively
correlated with vegetation biomass [35], [36]. In this study,
the NDVI values of island counties in China are calculated
using the band operation tool of the ENVI5.3 software. The
formula is as follows (Eq. (1)):

NDVI = (IR− R)/(IR+ R) (1)

where IR is the near-infrared band in the remote sensing
images and R is the infrared band.

2) CALCULATION OF ECOSYSTEM SERVICE VALUES
BASED ON NDVI
The NDVI value varies for different ecosystems. According
to studies by Rouse (1974), take (1979), and Uddin (2015)
[37]–[39], the average NDVI of forestland is greater than 0.5,
that of farmland is 0.3-0.5 and that of grassland is 0.1-0.3; the
average NDVI of barren land, which includes lakes, rivers,
and buildings, is less than 0.1 [40], [41] (Table 2).

TABLE 2. Average NDVI values and corresponding land cover types.

TABLE 3. Ecosystem service value coefficients of different ecosystem
types.

The ESV of each land cover type in the island counties was
determined based on previous studies by Costanza et al. [42]
and Xie et al. [43] (Table 3).

Eq. (2) was used to calculate the ecosystem service value
coefficients of the island counties using the equivalent coef-
ficient value of the services and functions of each ecosystem:

ESV = (
∑

AkVCk ) (2)

where ESV is the ecosystem service value, Ak is the area
(hectare) of ‘‘k’’ for each land cover type, and VCk is the
coefficient value of the ecosystem services (USD/ha · year).
In addition, Eq. (3) was used to calculate the relationship
between the available ESV per person and the population of
each island county:

ESV (USD/head) =
ESVtotal
N

(3)

where ESVtotal is the total ecosystem service value
(USD/year), and N is the population of the island county.

3) ESV SENSITIVITY ANALYSIS
This study used a sensitivity coefficient to determine the
degree of dependence of the changes in ESV over time on

12924 VOLUME 9, 2021



H. Xi et al.: Spatiotemporal Evolution Characteristics of Ecosystem Service Values Based on NDVI Changes in Island Cities

changes in the ESV coefficient. The sensitivity coefficient
refers to the effect of a 1% change in the ESV coefficient
on the ESV. Eq. (4) was used to calculate the sensitivity
coefficient:

CS =

∣∣∣∣ (ESVj − ESVi)/ESVi(VCj − VCi)/VCi

∣∣∣∣ (4)

where CS represents the sensitivity coefficient; ESVi and
ESVj represent the initial ESV and the adjusted ESV, respec-
tively; and VCi and VCj are the initial ESV coefficient and
the adjusted ESV coefficient, respectively.

4) CALCULATION OF ECOSYSTEM SERVICE VALUES
BASED ON SUPERVISED CLASSIFICATION
To compare the ecosystem service values calculated based on
NDVI, in this paper, the land cover types are classified based
on the supervised classification of remote sensing images
of island counties, and the ecosystem service value of each
island county is calculated. ENVI5.3 software was used to
preprocess remote sensing images such as radiation calibra-
tion, atmospheric correction, image clipping, etc. According
to the spectral properties of surface features in remote sensing
images and in Google Earth images, the land cover types of
each island county are classified into forestland, grassland,
farmland, barren land (including buildings and wasteland),
water system and wetland using the method of supervised
classification. Then, based on the methods in previous studies
by Costanza (1997) and Xie et al. (2003), the ESV of each
land type in each island county is calculated using Eq. 2
(Table 3), and the difference between the ESV calculation
results of the two methods is calculated by Eq. (5):

DR =
ESVNDVI − ESVSC

ESVSC
(5)

where DR is the difference between the two ESV calcula-
tion results, ESVNDVI is the ESV result calculated based on
NDVI, and ESVSC is the ESV result calculated based on the
supervised classification of remote sensing images.

III. RESULTS
A. TEMPORAL-SPATIAL VARIATION OF THE NDVIs OF
ISLAND COUNTIES IN CHINA FROM 1990 TO 2018
From 1990 to 2018, the averageNDVI of the 12 studied island
counties in China showed a downward trend, with a decline
rate of 8.79% (Table 4). Changhai County had the largest
rate of decline, reaching 45.24%, followed by Changdao
County andChongmingDistrict, with decline rates of 37.57%
and 17.91%, respectively. The NDVIs of Dinghai District,
Putuo District, Yuhuan city and Nan’ao County increased.
The highest average NDVI value appeared in Nan’ao County,
and the average NDVI values in Nan’ao County ranged from
0.504-0.599. The lowest average NDVI value appeared in
Chongming District, and the average NDVI values in Chong-
ming District ranged between 0.154 and 0.188.

From a spatial point of view, there are significant dif-
ferences in the distribution of NDVI among the island

TABLE 4. Changes in NDVI of island counties in China from 1990 to 2018.

FIGURE 2. Spatial distribution of the NDVIs in island counties in China
from 1990 to 2018.

counties (Fig. 2), which is related to the topographical ecosys-
tem characteristics of each island. However, in general, higher
NDVIs are generally concentrated in the foothills and in the
hilly areas of the central areas of the islands, while the flat
land and tidal flats at the edge of the islands have lower
NDVIs. The foothills and hilly areas of each island are subject
to less natural disturbance and human interference than the
flat lands, and the vegetation in hilly areas is well maintained.
However, due to the long-term influence of sea wind and
waves and large amounts of human interference, the vegeta-
tion coverage of the edge areas of each island will generally
be lower than that of the central area.

B. SPATIO-TEMPORAL VARIATION IN ESV OF ISLAND
COUNTIES OF CHINA FROM 1990 TO 2018
From 1990 to 2018, the total ESV of China’s 12 island coun-
ties changed from 380 million U.S. dollars, 370 million U.S.
dollars, 362 million U.S. dollars, to 371 million U.S. dollars,
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TABLE 5. Changes in ESV of different ecosystems in island counties in China from 1990 to 2018.

showing a ‘‘V’’-shaped change trend in general. The total
ESV in 2010 was lower than those in 1990, 2000 and 2018.
The highest ESV occurred in forestlands. In 2018, the ESV
of forestlands was 2.12E+ 8 USD, which is lower than those
in 1990, 2000 and 2010. The ESV of grassland was higher
than those of farmland and barren land (Table 5). At present,
ESV in forestland has decreased. Between 1990 and 2018,
the ESV of forestland decreased by 0.26E + 8 USD, but the
ESVs of farmland, grassland and barren land increased. The
ESV of farmland increased by 1.30%, the ESV of grassland
increased by 21.15%, and the ESV of barren land increased
by 20.26% (Table 5).

FIGURE 3. Changes in the ESVs of island counties in China from 1990
to 2018.

In terms of individual island counties, the ecosystem ser-
vice values of 7 out of the 12 island counties showed down-
ward trends (Fig. 3). Among them, Changhai County had the
highest rate of decline of ESV, reaching 53.14%, followed
by Changdao County with a decline rate of 48.58%. In addi-
tion, the ESVs of Daishan County, Putuo District, Dongtou
District, Pingtan County and Dongshan County decreased
by 10.57%, 3.04%, 3.54%, 21.02% and 6.77%, respectively.
The ESV of Chongming District, Shengsi County, Dinghai
District, Yuhuan city and Nan’ao County increased. Among
them, the growth rate of the ESV in Nan’ao County was the
highest, reaching 22.03%, and those of Chongming District,
Shengsi County, Dinghai District and Yuhuan city increased
by 9.16%, 4.55%, 11.06% and 9.36%, respectively.

In addition, in terms of per capita ESV, Nan’ao County
had the largest in 2018, reaching USD 262.30 per person, fol-
lowed by Dinghai District and Daishan County. In addition,
the per capita ESVs in Changhai County, Shengsi County
and Putuo District exceeded the average level. Yuhuan city
had the lowest per capita ESV at only 38.38 US dollars
per person. From the comparison of the economic devel-
opment and ESV of each island county, the per capita
ESVs of all island counties are far less than the per capita
GDPs (Table 6).

FIGURE 4. Spatial distribution of ESVs in island counties in China in 1990.

From a spatial perspective, the spatial distribution of ESV
per hectare also shows differences among the island counties
(Figs. 4-7). The ESV per unit area of the eastern islands of
Changhai County is higher than that of the western islands,
and the ESV per unit area of the western islands is gradually
decreasing. The ESVs per unit area of Changdao County,
Shengsi County, Daishan County, Putuo District, Dongtou
District and Nan’ao County did not change significantly from
1990 to 2018. The ESV per unit area in Chongming District,
Dinghai District and Yuhuan city gradually increased over
the study period. The ESV per unit area in Pingtan County
is gradually decreasing. The ESV per unit area of Dongshan
County showed a decreasing trend during 1990-2000 and an
increasing trend during 2000-2018.
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TABLE 6. ESV, per capita ESV, and per capita GDP (USD) of island counties in China from 1990 to 2018.

TABLE 7. ESV sensitivity analysis.

FIGURE 5. Spatial distribution of ESVs in island counties in China in 2000.

C. ESV SENSITIVITY ANALYSIS
Eq. (4) is the calculation formula of ESV sensitivity index,
which can be used to measure the dependence of ESV change

FIGURE 6. Spatial distribution of ESVs in island counties in China in 2010.

over time on the value index. If CS < 1, it indicates that ESV
is inelastic relative to VC, that is, the ecosystem service value
is inelastic. The value coefficient is not sensitive, its accuracy
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FIGURE 7. Spatial distribution of ESVs in island counties in China in 2018.

TABLE 8. The differences between the two ESV calculation results.

is high, and the research results are credible; conversely, if
CS > 1, it indicates that ESV is sensitive to VC, its accuracy
is low, and the result is low in credibility. The ESV sensitivity
index has been widely used to measure the scientific of
ESV assessment results. Eq. (4) was used to adjust the ESV
coefficient of each ecosystem type by 50%; then, the ESV
sensitivity coefficients can be calculated for the 12 studied
island counties in China. The results are shown in Table 7.
The sensitivity coefficient of forestland is the highest among
the land cover types, especially in Changhai County and
Changdao County. This is because the areas of forestland in
these counties allow it to account for the largest proportion
of the total ecosystem service value. In Chongming Dis-
trict, grassland has the highest sensitivity coefficient, and in
Yuhuan city and Dongtou District, agricultural land has the
highest sensitivity coefficient. All the sensitivity coefficients
are less than 1, which means that the ESV coefficients of the
study area are inelastic, and the research results are credible.

D. COMPARISON OF ESVS OF ISLAND COUNTIES IN
CHINA BASED ON SUPERVISED CLASSIFICATION
The comparison of the ESV results of island counties in
China from 1990 to 2018, based on supervised classification,
is shown in the table below (Table 8). The overall ESV of the
island counties in China shows a downward trend from USD

138 million/year in 1990 to USD 117 million/year in 2018.
This is in line with the ESV results calculated based on the
NDVI. In addition, the ESVs calculated based on the NDVIs
are higher than those calculated based on supervised classifi-
cation, with difference rates between 5.11% and 9.30%. The
year 2000 saw the highest difference rate of 5.11%, while the
year 2018 saw the lowest difference rate, at 9.30%.

IV. DISCUSSION AND IMPLICATIONS
A. LIMITATION AND ACCURACY OF ESV
CALCULATIONS BASED ON NDVI
The normalized difference vegetation index (NDVI) is a
common index that measures regional vegetation cover. And
vegetation is the main body and structural basis of island-
mainland ecosystems. Therefore, we used NDVI to measure
the vegetation coverage of the island area and reflect the
ecological conditions of the island area from themain aspects.
Ecosystem service value is a measure of the economic value
of the direct or indirect products and services produced by the
ecosystem through its functions. ESV can reflect the quality
of ecosystem services in island areas as a whole. This paper
uses both NDVI and ESV to assess the ecosystem of island
cities, which is helpful for a more comprehensive analysis
of the ecological environment of island cities. However, this
study still has the following limitations.

Although radiometric calibration and atmospheric correc-
tion have been carried out on Landsat remote sensing images,
the calculated NDVIs are still subject to uncertainties caused
by clouds and water vapor. In this paper, the NDVI values
of forestland, cultivated land, grassland, and barren land
(non-vegetated, including all land with NDVIs less than 0.1)
are used to calculate the ESV of a given island. However,
non-vegetation ecosystems also include different ecosystem
types, such as water bodies, buildings, and wetlands, which
limits the accuracy of ESV calculations to a certain extent.
Furthermore, the ESVs of island counties in China are calcu-
lated based on the supervised classification of remote sensing
images, and the calculation results differ from those calcu-
lated based on the NDVIs in the range of 5.11% - 9.30%,
indicating that the ESV calculation based on the NDVI has
a high accuracy. The accuracy of ESV calculations of island
counties can be improved through the integration of remote
sensing technology and field observations.

B. INFLUENCING FACTORS OF ECOSYSTEM SERVICE
VALUE CHANGES IN ISLAND CITIES
From 1990 to 2018, the average NDVI of China’s 12 island
counties showed a continuous downward trend, and the
decline in NDVI of 2/3 island counties was particularly
significant. The first reason is the continuous expansion of
island construction land, over-development has led to a large
area of forest reduction, and the overall vegetation cover-
age has shown a downward trend; the second reason is the
island counties’ ecosystems are relatively fragile, with weak
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self-recovery capabilities, and damage caused by irrational
development is difficult to recover to the original state.

The total ESV of China’s island counties from 1990 to
2018 showed a ‘‘V’’-shaped change, with the lowest value
of USD 789 million in 2010. Forest is the primary factor
affecting the vegetation coverage of islands, and the reduction
of forest ecosystem service value is the driving factor for
the reduction of ESV in island counties in China. The ESV
coefficients of farmland, grassland and construction land in
the 12 island counties are low, while that of forestland is
high [44]. The ESV of forestland decreased by 11.27% over
the study period, while those of farmland, grassland and
barren land increased by 1.30%, 21.15% and 20.26%, respec-
tively, from 1990-2018. This also proves that forestlands are
the main driving factor affecting changes in the ecosystem
service values of the island cities.

There are regional differences in the spatial distribution
of NDVI and ESV in the island counties, but on the whole
they present the spatial characteristics of high center and
low edge. This is related to the island’s topography and the
characteristics of the ecosystem. Due to the long-term impact
of seawind andwaves on the edge of the island, the vegetation
coverage rate will generally be lower than that of the central
island, and the ecosystem service value is relatively low.
In addition, the ESV sensitivity coefficient calculation results
are all less than 1, indicating that the ecosystem service value
is not sensitive to the value coefficient, its accuracy is high.
And through the calculation of ESV sensitivity coefficient,
the credibility of the research results is improved.

We think that there are two main reasons for the deteriora-
tion of the ecological environment of the island cities: first,
with the rapid economic development and urbanization of the
island counties, the land area used for construction continues
to expand, and excessive development leads to significant
reductions in forest and grassland areas, which in turn results
in decreasing vegetation cover overall; urbanization-led land
use changes have profoundly affected ecosystem services
[26], [45]. Second, island county ecosystems are vulnerable
and are not resilient, which makes it difficult to restore areas
that have undergone damage caused by unreasonable devel-
opment to their original states.

C. ECOLOGICAL GOVERNANCE AND SUSTAINABLE
DEVELOPMENT OF ISLAND CITIES
As complex systems of both land and sea spaces, island
cities have become an important platform for promoting land
and sea coordination, protecting the marine environment,
and maintaining ecological balance. A sound island ecosys-
tem is an important pillar for the sustainable economic and
social development of island cities, and the construction of
island ecological conservation is the top priority of island
city governance. Based on the evaluation of the ecosystem
service value of 12 island cities in China, the article found
that the construction land of island cities is over-expanding,
while the protection of vegetation and forest ecosystems is a
challenge, and it is the main factor affecting the ecological

environment of island cities. In the ecological governance
of island cities, it is necessary to focus on the protection of
forests and grasslands to increase the vegetation coverage of
islands and simultaneously control the expansion of urban
construction land. Human intervention should be carried out
on island areas that have been damaged, and island ecological
restoration projects should be carried out to restore island
vegetation and improve the sustainable development of island
cities.

V. CONCLUSION
This study analyzes the temporal and spatial evolution of
NDVI and ecosystem service value in China’s island coun-
ties in 1990-2018 using Landsat remote-sensing images. The
conclusion as follows:

(1) From 1990 to 2018, the total ESV of China’s island
cities showed a ‘‘V’’-shaped change trend

From 1990 to 2010, the ESV of island cities showed an
overall downward trend. The main reason is that the rapid
development of island cities and the intensification of human
activities have led to the rapid increase of urban construction
area in island areas and the continuous reduction of vegetation
coverage, which has reduced the value of the island city’s
ecosystem services. In 2010-2018, the government’s empha-
sis on and investment in the ecological environment contin-
ued to increase, especially the protection and restoration of
vegetation in island areas, which eased the trend of vegetation
decline in island areas, and developed grassland and other
artificial greening. In addition, urban construction has also
been restricted and more scientifically planned. Therefore,
ESV has increased to a certain extent.

(2) The ESV of each island city showed regional
differences

The ecosystem service value and its temporal and spatial
distribution of the 12 island cities all show significant differ-
ences, which are related to the topography of the island, its
geographic location, climatic characteristics, and the degree
of development and utilization of each island city. But in
general, the ecosystem service value of the fringe areas of the
island cities is generally lower than that of the central area.
On the one hand, the reason is that the edge of the island is
easily disturbed by sea wind and waves; on the other hand,
human activities and urban construction are mostly concen-
trated in the edge of the island, resulting in significantly lower
vegetation coverage in the edge of the island than in the
central area.

(3) Forest is the main driving factor of ESV changes in
island cities

Among the various types of land cover, the forest covers
the largest area, reaching more than 60% overall. Moreover,
forests have the highest value of ecosystem services, and
changes in forest area will largely affect the overall changes
in the value of ecosystem services in island cities. There-
fore, the government should increase investment in island
ecological protection, protect and restore island vegetation,
and control the expansion speed of island cities.

VOLUME 9, 2021 12929



H. Xi et al.: Spatiotemporal Evolution Characteristics of Ecosystem Service Values Based on NDVI Changes in Island Cities

REFERENCES
[1] H. Wang, G. Liu, Z. Li, L. Zhang, and Z. Wang, ‘‘Processes and driv-

ing forces for changing vegetation ecosystem services: Insights from
the shaanxi province of China,’’ Ecol. Indicators, vol. 112, May 2020,
Art. no. 106105.

[2] Z. Fang, Y. Bai, B. Jiang, J. M. Alatalo, G. Liu, and H.Wang, ‘‘Quantifying
variations in ecosystem services in altitude-associated vegetation types
in a tropical region of China,’’ Sci. Total Environ., vol. 726, Jul. 2020,
Art. no. 138565.

[3] L. Zhu, J. Meng, and L. Zhu, ‘‘Applying geodetector to disentangle the
contributions of natural and anthropogenic factors to NDVI variations in
the middle reaches of the heihe river basin,’’ Ecol. Indicators, vol. 117,
Oct. 2020, Art. no. 106545.

[4] P. Zhang, Y. Cai, W. Yang, Y. Yi, Z. Yang, and Q. Fu, ‘‘Contributions of
climatic and anthropogenic drivers to vegetation dynamics indicated by
NDVI in a large dam-reservoir-river system,’’ J. Cleaner Prod., vol. 256,
May 2020, Art. no. 120477.

[5] G. You, B. Liu, C. Zou, H. Li, S. McKenzie, Y. He, J. Gao, X. Jia,
M. A. Arain, S. Wang, Z. Wang, X. Xia, and W. Xu, ‘‘Sensitivity of
vegetation dynamics to climate variability in a forest-steppe transition
ecozone, north-eastern inner mongolia, China,’’ Ecol. Indicators, vol. 120,
Jan. 2021, Art. no. 106833.

[6] S.-H. Park and H.-S. Jung, ‘‘Band-based best model selection for topo-
graphic normalization of normalized difference vegetation index map,’’
IEEE Access, vol. 8, pp. 4408–4417, 2020.

[7] E. Neinavaz, A. K. Skidmore, and R. Darvishzadeh, ‘‘Effects of prediction
accuracy of the proportion of vegetation cover on land surface emissivity
and temperature using the NDVI threshold method,’’ Int. J. Appl. Earth
Observ. Geoinfor., vol. 85, Mar. 2020, Art. no. 101984.

[8] Z. Zhan, X. Zhang, Y. Liu, X. Sun, C. Pang, and C. Zhao, ‘‘Vegetation land
Use/Land cover extraction from high-resolution satellite images based on
adaptive context inference,’’ IEEE Access, vol. 8, pp. 21036–21051, 2020.

[9] H. Chu, S. Venevsky, C. Wu, and M. Wang, ‘‘NDVI-based vegetation
dynamics and its response to climate changes at amur-heilongjiang river
basin from 1982 to 2015,’’ Sci. Total Environ., vol. 650, pp. 2051–2062,
Feb. 2019.

[10] S. Geng, P. Shi, M. Song, N. Zong, J. Zu, and W. Zhu, ‘‘Diversity of
vegetation composition enhances ecosystem stability along elevational gra-
dients in the taihang mountains, China,’’ Ecological Indicators, vol. 104,
pp. 594–603, Sep. 2019.

[11] J. M. Mcmahon, J. M. Olley, A. P. Brooks, J. C. R. Smart,
B. Stewart-Koster, W. N. Venables, G. Curwen, J. Kemp, M. Stewart,
N. Saxton, A. Haddadchi, and J. C. Stout, ‘‘Vegetation and longitudinal
coarse sediment connectivity affect the ability of ecosystem restoration
to reduce riverbank erosion and turbidity in drinking water,’’ Sci. Total
Environ., vol. 707, Mar. 2020, Art. no. 135904.

[12] R. Costanza, R. de Groot, P. Sutton, S. van der Ploeg, S. J. Anderson,
I. Kubiszewski, S. Farber, and R. K. Turner, ‘‘Changes in the global value
of ecosystem services,’’ Global Environ. Change, vol. 26, pp. 152–158,
May 2014.

[13] Y. Du, H. Bagan, and W. Takeuchi, ‘‘Land-use/land-cover change and
drivers of land degradation in the horqin sandy land, China,’’ in Proc.
IEEE Int. Geosci. Remote Sens. Symp., Yokohama, Japan, Jul. 2019,
pp. 1598–1601.

[14] F. Zhang, A. Yushanjiang, and Y. Jing, ‘‘Assessing and predicting changes
of the ecosystem service values based on land use/cover change in Ebinur
lake wetland national nature reserve, Xinjiang, China,’’ Sci. Total Environ.,
vol. 656, pp. 1133–1144, Mar. 2019.

[15] Z. Zhang, F. Xia, D. Yang, J. Huo, G. Wang, and H. Chen, ‘‘Spatiotem-
poral characteristics in ecosystem service value and its interaction with
human activities in xinjiang, China,’’ Ecol. Indicators, vol. 110, Mar. 2020,
Art. no. 105826.

[16] Q. Zhao, X. Ma, W. Yao, Y. Liu, and Y. Yao, ‘‘Anomaly variation of
vegetation and its influencing factors in mainland China during ENSO
period,’’ IEEE Access, vol. 8, pp. 721–734, 2020.

[17] F. Song, F. Su, C. Mi, and D. Sun, ‘‘Analysis of driving forces on wetland
ecosystem services value change: A case in northeast China,’’ Sci. Total
Environ., vol. 751, Jan. 2021, Art. no. 141778.

[18] G. Ottaviani, G. Keppel, L. Götzenberger, S. Harrison, Ø. H. Opedal,
L. Conti, P. Liancourt, J. Klimeáová, F. A. O. Silveira, B. Jiménez-Alfaro,
L. Negoita, J. Doležal, M. Hájek, T. Ibanez, F. E. Méndez-Castro, and
M. Chytrý, ‘‘Linking plant functional ecology to island biogeography,’’
Trends Plant Sci., vol. 25, no. 4, pp. 329–339, Apr. 2020.

[19] J. Zhan, F. Zhang, X. Chu, W. Liu, and Y. Zhang, ‘‘Ecosystem services
assessment based on emergy accounting in Chongming Island, Eastern
China,’’ Ecol. Indicators, vol. 105, pp. 464–473, Oct. 2019.

[20] A. G. Frazier and L. Brewington, ‘‘Current changes in alpine ecosystems
of pacific Islands,’’ in Encyclopedia World’s Biomes, M. I. Goldstein and
D. A. DellaSala, Eds. Oxford, U.K.: Elsevier, 2020, pp. 607–619.

[21] A. Massetti and A. Gil, ‘‘Mapping and assessing land cover/land use
and aboveground carbon stocks rapid changes in small oceanic islands’
terrestrial ecosystems: A case study of madeira island, Portugal (2009–
2011),’’ Remote Sens. Environ., vol. 239, Mar. 2020, Art. no. 111625.

[22] K. Burns, ‘‘Evolution in isolation: The search for an island syndrome in
plants,’’ Victoria Univ. Wellington, Wellington, New Zealand, May 2019,
doi: 10.1017/9781108379953.

[23] A. Taylor, P. Weigelt, C. König, G. Zotz, and H. Kreft, ‘‘Island disharmony
revisited using orchids as a model group,’’ New Phytol., vol. 223, no. 2,
pp. 597–606, Jul. 2019.

[24] R. J. Whittaker, J. M. Fernández-Palacios, T. J. Matthews,
M. K. Borregaard, and K. A. Triantis, ‘‘Island biogeography: Taking
the long view of nature’s laboratories,’’ Science, vol. 357, no. 6354,
Sep. 2017, Art. no. eaam8326.

[25] R. H. Maneja, J. D. Miller, W. Li, H. El-Askary, J. Dagoy,
J. J. F. A. Alcaria, and R. A. Loughland, ‘‘Long-term NDVI and recent
vegetation cover profiles of major offshore island nesting sites of sea
turtles in Saudi waters of the northern Arabian Gulf,’’ Ecol. Indicators,
vol. 117, p. 106612, Oct. 2020.

[26] Y.Wu, T. Zhang, H. Zhang, T. Pan, X. Ni, A. Grydehøj, and J. Zhang, ‘‘Fac-
tors influencing the ecological security of island cities: A neighborhood-
scale study of zhoushan island, China,’’ Sustain. Cities Soc., vol. 55,
Apr. 2020, Art. no. 102029.

[27] Y. Chi, Z. Zhang, Z. Xie, and J. Wang, ‘‘How human activities influence
the island ecosystem through damaging the natural ecosystem and sup-
porting the social ecosystem?’’ J. Cleaner Prod., vol. 248, Mar. 2020,
Art. no. 119203.

[28] J. A. Burt, M. E. Killilea, and S. Ciprut, ‘‘Coastal urbanization and
environmental change: Opportunities for collaborative education across a
global network university,’’ Regional Stud. Mar. Sci., vol. 26, Feb. 2019,
Art. no. 100501.

[29] T. Lin, X. Xue, L. Shi, and L. Gao, ‘‘Urban spatial expansion and its
impacts on island ecosystem services and landscape pattern: A case study
of the island city of xiamen, southeast China,’’ Ocean Coastal Manage.,
vol. 81, pp. 90–96, Sep. 2013.

[30] R. L. Ceres, C. E. Forest, and K. Keller, ‘‘Optimization of multiple storm
surge risk mitigation strategies for an island city on a wedge,’’ Environ.
Model. Softw., vol. 119, pp. 341–353, Sep. 2019.

[31] M. Lapointe, G. G. Gurney, and G. S. Cumming, ‘‘Urbanization alters
ecosystem service preferences in a small island developing state,’’ Ecosyst.
Services, vol. 43, Jun. 2020, Art. no. 101109.

[32] Resources. (2018). M.o.N. 2017 Island Statistical Survey Bulletin.
Accessed: Jul. 1, 2020. [Online]. Available: http://gi.mnr.gov.cn/201807/
t20180727_2156215.html

[33] W. Qing and S. Li, ‘‘Research on vulnerability and spatial differentiation
on island economies on county level of China,’’ Res. Sci., vol. 39, no. 9,
pp. 1692–1701, 2017.

[34] L. Ke and G. Gong, ‘‘Evaluation of Island sustainable development and its
applications,’’ Res. Sci., vol. 33, no. 7, pp. 1304–1309, 2011.

[35] S. Salata, C. Giaimo, C. Barbieri, A. Ballocca, F. Scalise, and G. Pantaloni,
‘‘The utilization of normalized difference vegetation index to map habitat
quality in Turin (Italy),’’ Sustainability, vol. 12, p. 7751, May 2020.

[36] H. Han, J. Bai, G. Ma, and J. Yan, ‘‘Vegetation phenological changes in
multiple landforms and responses to climate change,’’ ISPRS Int. J. Geo-
Inf., vol. 9, p. 111, Aug. 2020.

[37] J. W. J. Rouse, R. H. Haas, J. Schell, and D. W. Deering, ‘‘Monitoring
vegetation systems in the great plains with ERTS,’’ NASA Special Pub.,
vol. 351, p. 309, Jan. 1974.

[38] C. J. Tucker, ‘‘Red and photographic infrared linear combinations for
monitoring vegetation,’’ Remote Sens. Environ., vol. 8, no. 2, pp. 127–150,
May 1979.

[39] K. Uddin, H. L. Shrestha, M. S. R. Murthy, B. Bajracharya, B. Shrestha,
H. Gilani, S. Pradhan, and B. Dangol, ‘‘Development of 2010 national land
cover database for the nepal,’’ J. Environ. Manage., vol. 148, pp. 82–90,
Jan. 2015.

[40] J. Fang, S. Piao, J. He, and W. Ma, ‘‘Increasing terrestrial vegetation
activity in China, 1982–1999,’’ Sci. China, vol. 5, no. 3, pp. 34–45,
2004.

12930 VOLUME 9, 2021

http://dx.doi.org/10.1017/9781108379953


H. Xi et al.: Spatiotemporal Evolution Characteristics of Ecosystem Service Values Based on NDVI Changes in Island Cities

[41] L. Zhou, C. J. Tucker, R. K. Kaufmann, D. Slayback, N. V. Shabanov, and
R. B. Myneni, ‘‘Variations in northern vegetation activity inferred from
satellite data of vegetation index during 1981 to 1999,’’ J. Geophys. Res.,
Atmos., vol. 106, no. D17, pp. 20069–20083, Sep. 2001.

[42] R. Costanza, ‘‘The value of the world’s ecosystem services and natural
capital,’’ Ecol. Econ., vol. 25, no. 1, pp. 3–15, Apr. 1998.

[43] G. D. Xie, C. X. Lu, Y. F. Leng, D. Zheng, and S. C. Li, ‘‘Ecological
assets valuation of the tibetan plateau,’’ J. Natural Resour., vol. 18, no. 2,
pp. 189–196, 2003.

[44] D. Riao, X. Zhu, Z. Tong, J. Zhang, and A.Wang, ‘‘Study on land use/cover
change and ecosystem services in Harbin, China,’’ Sustainability, vol. 12,
p. 6076, Dec. 2020.

[45] W. Chen, G. Chi, and J. Li, ‘‘Ecosystem services and their driving forces
in the middle reaches of the yangtze river urban agglomerations, China,’’
Int. J. Environ. Res. Public Health, vol. 17, no. 10, p. 3717, May 2020.

HENGHUI XI is currently pursuing the M.S.
degree in ecological environment with the
School of Marine Science and Technology, Zhe-
jiang Ocean University. His research interest
includes ecological environment assessment and
simulation.

WANGLAI CUI received the M.P.A. degree from
Lanzhou University. He is currently a Professor
in environmental management with the School
of Economics and Management, Zhejiang Ocean
University. His research interests include ecolog-
ical environment assessment and environmental
governance.

LI CAI is currently pursuing the M.S. degree
in ecological environment with the School of
Economics and Management, Zhejiang Ocean
University. Her research interests include land use
simulation and remote sensing.

MENGYUAN CHEN is currently pursuing the
M.S. degree in ecological environment with the
School of Economics and Management, Zhejiang
Ocean University. Her research interests include
land use simulation and remote sensing.

CHENGLEI XU is currently pursuing the M.S.
degree in land resource management with the
Ocean University of China. His research interests
include land use simulation and spatial planning.

VOLUME 9, 2021 12931


